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Riet omringt de zon, 
 langzaam drijven de wolken 
de oevers voorbij. 
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Preface  
 
‘God created the world, but the Dutch created the Netherlands’. This saying reflects the fact 
that the Dutch have reclaimed parts of the sea and in this way have created their own land. The 
history of the Dutch water management dates back to about the 9th century, and nowadays the 
Netherlands is the world’s most sophisticated laboratory for deltaic infrastructural 
experimentation. Currently an innovative approach to hydraulic engineering is needed because 
of the expected increasing storm frequency; this implies a moving away from ‘building in 
nature’ to ‘building with nature’. It is this new approach that is central to my master thesis.  
In fact, the writing of a thesis is a look back on the research done. So I think that it is 
appropriate to dedicate this preface to the people who have contributed to this research.  
Firstly I would like to thank my parents; without them my master programme would not have 
been possible.  
A special word of thanks goes to my supervisors of Deltares and the Open University of the 
Netherlands. Ellis Penning, thank you for giving me the opportunity to conduct this research at 
Deltares, and for your helpful advices. Angelique Lansu and Wilfried Ivens, thank you for your 
supervision on the content and the process of the research.  
For the collection and analysis of the data I am very grateful to András Zlinszky (Hungarian 
Academy of Sciences), Helle Mäemets (Estonian University of Life Sciences), Lilian Freiberg 
(Estonian University of Life Sciences), Viktor Tóth (Hungarian Academy of Sciences), Péter 
Torma (Budapest University of Technology), Hugo Coops (Scirpus Ecologisch Advies), Harry 
van Manen (Rijkswaterstaat), Jan Kollen (Grontmij), Christiaan Leerlooijer (Grontmij), Gerrit 
Hendriksen (Deltares) and Ane Wiersma (Deltares). Without their willingness to look for data 
and without their detailed answers on my questions this research would have simply been 
impossible. 
My great thanks go to Arnold van Rooijen (Deltares) for his help with the modelling; he was 
always willing to answer any questions and always ready to help when there was trouble. 
For the English translation I got much help from Dragana Stankovski; thank you!  
 
Alexander Steenbergen 
Delft, September 2015 
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Summary  
Flood control is very important in the Netherlands, since a large part of the country is below 
sea level. Although an extensive flood defence system has been built in the past, this system 
remains vulnerable; an important reason is the expected increasing storm frequency. Therefore 
nowadays more often resilient forms of flood protection are chosen. A good example is a 
foreshore, which consists of a large amount of sand, placed in front of the existing dike. In this 
way the hydraulic load on the dike is reduced and the dike itself does not need to be reinforced. 
A foreshore can also better endure disturbances and is capable of self-repair. The planting of 
reed vegetation seems to be an effective measure for extra wave attenuation, and for the 
decrease of erosion.  
The Dutch national water manager Rijkswaterstaat wants to apply a foreshore at the 
Houtribdijk, along the lake Markermeer. Foreshores are already applied along the Dutch 
seashore; however, knowledge on applications at freshwater systems like lakes is hardly 
available. An important knowledge gap involves the maximum allowable incoming wave 
height at the reed-water boundary, and the influence of the water depth and the slope profile on 
the incoming wave height. A good way to study this relation is a comparative research on 
reference lakes with naturally occurring reed vegetation. This has resulted in the following 
research question: ‘What is the maximum allowable incoming wave height when applying 
foreshores with reed vegetation as a resilient lake shore defence?’ 
For this study four reference lakes have been selected: the IJsselmeer and the Zwartemeer in 
the Netherlands, Lake Peipsi in Estonia, and Lake Balaton in Hungary. For all reference lakes 
data have been collected on the width of the reed zone perpendicular to the shore, the 
maximum standing depth of the reed, the water level, the surge (wind induced set-up of the 
mean water level) in extreme conditions, the wave height and wave period in open water, and 
the slope profile. These data have been entered in the hydrodynamic model XBeach, which can 
be used to simulate the wave impact on seashores. The model can be applied for lakes because 
only hydrodynamic calculations are done; these calculations for lakes are no different than for 
coastal systems. With the model the incoming wave height at the reed-water boundary has 
been calculated for the reference lakes, as well as the influence of the surge on the incoming 
wave height. This has been done for daily and extreme conditions.  
It can be concluded from the results that for new foreshores the maximum allowable incoming 
wave height at the reed-water boundary is approximately 0.20 m for daily conditions and    
0.60 m for extreme conditions. The results show a large attenuation effect of the shallow 
foreshores of the reference lakes on the incoming wave height, and the reduction of this effect 
in case of a surge. 
Simulations for new foreshores show that these maximum incoming wave heights are not 
exceeded, when a slope of 1:80 is applied. However, the simulations are based on a wind force 
of 8-9 Bft, while more severe storms regularly occur in the Netherlands. According to the 
IPCC the number of storm depressions at temperate latitudes will increase in the future. 
Therefore it would be better to keep a safety margin, by applying a slope of at least 1:100. 
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Samenvatting 
Waterveiligheid speelt een belangrijke rol in Nederland, omdat een groot deel van het land 
onder de zeespiegel ligt. Hoewel in het verleden een uitgebreid systeem van waterkeringen is 
gebouwd, blijft dit systeem kwetsbaar. Een belangrijke oorzaak is de verwachte toenemende 
stormfrequentie. Daarom wordt tegenwoordig steeds vaker gekozen voor veerkrachtige 
oplossingen voor hoogwaterbescherming. Een goed voorbeeld hiervan is een vooroever, die 
bestaat uit een grote hoeveelheid zand, die voor de bestaande dijk wordt gelegd. Op deze 
manier wordt de hydraulische belasting op de dijk verminderd en hoeft de dijk zelf niet te 
worden versterkt. Bovendien kan een vooroever verstoringen beter verdragen en is het in staat 
tot zelfherstel. Voor een extra golfdemping en voor de vermindering van de bodemerosie lijkt 
de aanplant van rietvegetatie een effectieve maatregel.  
Rijkswaterstaat wil een zandige vooroever toepassen bij de Houtribdijk langs het Markermeer. 
Hoewel zandige vooroevers al worden toegepast langs de Nederlandse zeekust, is kennis over 
toepassingen bij zoetwatersystemen zoals meren echter nauwelijks beschikbaar. Een belangrijk 
kennishiaat betreft de maximaal toelaatbare inkomende golfhoogte aan de buitenrand van de 
rietvegetatie, en de invloed van de waterdiepte en het taludprofiel op de inkomende golfhoogte. 
Een goede manier om deze relatie te onderzoeken, is een vergelijkend onderzoek naar 
referentiemeren met natuurlijk voorkomende rietvegetatie. Dit heeft geresulteerd in de 
volgende onderzoeksvraag: ‘Wat is de maximaal toelaatbare inkomende golfhoogte bij de 
toepassing van vooroevers met rietvegetatie als veerkrachtige oeververdediging van meren?’ 
Voor dit onderzoek zijn vier referentiemeren geselecteerd: het IJsselmeer en het Zwartemeer in 
Nederland, het Peipsimeer in Estland, en het Balatonmeer in Hongarije. Voor alle 
referentiemeren zijn voor zoveel mogelijk oeverlocaties data verzameld over de breedte van de 
rietzone loodrecht op de oever, de maximale diepte waarop het riet voorkomt, het waterpeil, de 
wateropzet bij extreme condities, de golfhoogte en de golfperiode in open water, en het 
taludprofiel. Deze data zijn vervolgens ingevoerd in het hydrodynamische model XBeach, 
waarmee de invloed van de golven op de zeekust kan worden gesimuleerd. Het model kan 
worden toegepast bij meren, omdat in dit onderzoek alleen hydrodynamische berekeningen 
zijn gedaan en deze berekeningen voor meren niet anders zijn dan voor zee-systemen. Met het 
model is voor de referentiemeren de inkomende golfhoogte aan de buitenrand van de 
rietvegetatie berekend, evenals de invloed van de wateropzet op de inkomende golfhoogte. Dit 
is gedaan voor zowel dagelijkse als extreme condities.  
Uit de resultaten kan worden geconcludeerd dat voor nieuwe vooroevers de maximaal 
toelaatbare golfhoogte aan de buitenrand van de rietvegetatie onder dagelijkse condities 
ongeveer 0.20m bedraagt, en onder extreme condities ongeveer 0.60m. De resultaten laten 
duidelijk het dempende effect zien van de ondiepe vooroevers van de referentiemeren op de 
inkomende golfhoogte, en de vermindering van dit effect bij een wateropzet.  
Uit de simulaties voor nieuw aan te leggen vooroevers blijkt dat bovengenoemde maximale 
inkomende golfhoogten niet worden overschreden als een talud van 1:80 wordt toegepast. 
Deze simulaties zijn echter gebaseerd op een windkracht van 8-9 Bft, terwijl zwaardere 
stormen geregeld voorkomen in Nederland. Volgens het IPCC zal het aantal stormdepressies 
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op de gematigde breedten in de toekomst alleen maar toenemen. Daarom is het beter om een 
veiligheidsmarge in acht te nemen en nieuwe vooroevers aan te leggen met een talud van ten 
minste 1:100.  
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1. Introduction 
 
1.1 Flood control in the Netherlands 
 
Flood control plays an important role in the Netherlands; a large part of the country is below 
sea level, and a dike breach may result in a considerable flooding. Throughout history a 
comprehensive flood defence system has been built; this provides a relatively large safety 
compared to other low-lying areas. Nevertheless the system stays vulnerable due to influences 
and changes in spatial planning, economy, demography and climate. Regarding the 
consequences of climate change, for this research the increasing storm frequency is important; 
it will probably cause an increasing flood risk in the following decades (KNMI & PBL, 2015). 
From this perspective the traditional ways of dike reinforcement are considered less 
sustainable, because of the dike heightening and widening, and the continuous necessary and 
costly maintenance (Temmerman et al., 2013). For the dike reinforcement projects nowadays 
more often a considered choice is made between the traditional ways of reinforcement and the 
more sustainable and resilient solutions for flood protection. A good example of the latter is a 
foreshore, which consists of a large amount of sand, placed in a slope in front of the existing 
dike. In this way the wave run-up and the hydraulic load on the dike are reduced, and 
reinforcement of the dike itself is not or less necessary. The planting of (reed)vegetation seems 
to be an effective measure for extra wave attenuation and erosion decrease.  
A foreshore is a good example of the concept ‘Building with Nature’ (BwN). BwN is about 
meeting society's infrastructural demands (in this case flood protection) by starting from the 
functioning of the natural systems in which this infrastructure is to be realized. The aim is not 
only to comply with these systems, but also to make optimum use of them and at the same time 
create new opportunities for them (De Vriendt et al., 2014). If this is applied to a foreshore, it 
creates a resilient system that is resistant to the increased storm frequency. But also valuable 
ecosystems will be created that provide many additional other services than wave attenuation, 
like water purification (e.g. reed filters), an alongshore connection between ecosystems that 
were separated before, breeding, feeding and resting grounds for a variety of species like 
migratory birds, carbon sequestration and biomass production (De Vriend et al., 2014; 
Temmerman et al., 2013). 
 
Strengthening an existing dike with a sandy foreshore is already applied at several sites along 
the Dutch seashore, see section 1.4. This has resulted in a more resilient and natural system, 
that is tolerant to disturbances and is capable of self-repair. The application of a foreshore 
along sea-dikes is proven to be cost-effective, because at many places it is cheaper and easier 
to construct and maintain than traditional dike reinforcements. For freshwater systems like 
lakes, a foreshore has not been applied in the Netherlands until now; so more knowledge is 
necessary on the effectiveness for lakes.  
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1.1.1 Natural Flood Defence Houtribdijk 
 
The primary flood defences in the Netherlands provide protection against flooding from the 
North Sea, the major waterways, and the two lakes IJsselmeer and Markermeer. According to a 
Dutch law, the Waterwet, an inspection of all primary flood defences has to take place every 
six years, in order to determine if they meet the legal safety standards. There have been three 
inspections so far: 1996-2001, 2001-2006 en 2006-2011. The inspections revealed that a part 
of the primary defences did not meet the required standards (Rijksoverheid, Helpdesk Water, 
n.d.). For the approach of the flood defences, which have been disapproved in the 3rd 
inspection (2006-2011), the Second Flood Defence Programme (HWBP-2) was drafted by 
Rijkswaterstaat (Rijksoverheid, Helpdesk Water, n.d.). In context of this programme the 
Houtribdijk has to be strengthened over the length of 25 kilometers, to guarantee the safety of 
the hinterland the next 50 years.  
The Houtribdijk is a dike situated between Enkhuizen and Lelystad (Figure 1); it separates the 
Markermeer from the IJsselmeer, and protects large parts of the Netherlands against flooding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The Houtribdijk (Source: Google Maps, 2015).  
The right figure is an enlargement of the red frame in the left figure. The arrow indicates the Houtribdijk. 
 
For a natural and resilient reinforcement of the dike, Rijkswaterstaat wants to construct a 
foreshore. In 2014 the project ‘Natural Flood Defence Houtribdijk’ was launched to investigate 
which requirements a foreshore has to meet for a dike reinforcement of a lake. The project will 
last until 2018. In 2014 a pilot was constructed at the southside of the Houtribdijk near the 
harbor Trintelhaven (Figure 2). A sand body of approximately 70.000m³ was placed in a gentle 
slope (approximately 1:30) along the dike over a length of 450 meters, varying in width and 
height. In the spring of 2015, different types of vegetation were planted on a part of the 
foreshore. In this way various situations can be tested simultaneously for their effectiveness. 
 
10 km 
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In the zone around the waterline reed is the most robust and dominant of all helophytes (RIZA, 
1996), therefore reed was planted in this zone of the pilot. In this research only this area with 
reed vegetation has been studied. 
 
 
Figure 2: Pilot Houtribdijk near the Trintelhaven (Source: Ecoshape, n.d.) 
 
 
1.1.2 Properties and applications of reed vegetation along shores 
 
Reed belongs to the helophytes which can reproduce in two ways: generative by means of 
seeds, and vegetative by clonal growth (RIZA, 1996). The vegetative reproduction occurs with 
underground shoots, the rhizomes, from which new shoots are formed. Due to the rhizome 
growth, riparian vegetation can extend many meters per year under optimal circumstances. 
Helophytes root in flooded or waterlogged soil, but protrude above the water level with the 
stems and leaves. The plants can adapt to the fluctuation of the water level in different ways 
(RIZA, 1996). Usually they have long stems for a maximum stem and leaf protrusion above 
the water level. Helophytes are also able to grow rapidly when the water level rises. At 80cm 
water level rise, the average length of the reed stems can increase up to 130% (RIZA, 1996). 
However, these adaptations also have drawbacks: due to the longer individual stems, the 
number of stems per unit area will reduce. Besides this, the rhizome growth is decreasing more 
and more in deeper water, which makes that the sprout: root ratio increases (RIZA, 1996). This 
facilitates the wash-out of the roots and rhizomes, causing erosion of the foreshore.  
The above-mentioned adaptations contribute to the parallel vegetation zones, which are typical 
for helophytes. These zones are usually dominated by one particular species. Reed is often the 
dominant species around the waterline: it can tolerate a large fluctuation of the water depth, it 
is tolerant to waves, and it can compete for light very well with other species, owing to the 
large leaf surface high above the ground (Coops, Geilen, & van der Velde, 1996). 
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Reed vegetation can play an important role in shore defences like foreshores. Reed stems 
appear to have a relatively high bending stiffness compared to other helophytes, making them 
less susceptible to breaking (Coops & Van der Velde, 1996). As a result, they can withstand 
relatively high wave loading, especially in dense stands. Contrary to other helophytes, the dead 
stems remain; so even in winter the wave reducing effect remains. The bending stiffness of 
reed varies by season: it is high in August (6.93 ± 1.58 GPa), and lower in June because of the 
young shoots (3.62 ± 0.72 GPa). In February the bending stiffness is low due to the dead, 
brittle stems (3.90 ± 1.38 GPa); these values are similar to those measured in June (Coops & 
Van der Velde, 1996). 
Apart from the wave attenuation by the aboveground parts, the soil is consolidated by the 
dense rhizome network; this causes a significantly reduction of the erosion of the soil and rear 
slope (RIZA, 1996).  
  
 
1.2 Problem analysis 
 
The concept of a foreshore is not new; it has already been applied at different sites along the 
Dutch shore, like the Zandmotor along the shore of South-Holland, and the Hondbossche and 
Pettemer Zeewering. However, knowledge on applications in tide-free fresh water systems as 
lakes is hardly available. An important knowledge gap involves the influence of the water 
depth and the slope profile on the incoming wave height at the reed-water boundary. 
 
 Incoming wave height  
The load caused by wind-generated waves is a major stress for the reed vegetation. The load is 
dependent on the wind force, -duration and -direction, fetch, water depth and slope profile. 
Practically no research has been performed in this field until now. The only relevant research 
was done by Coops et al. (1996). They studied the interactions between waves, soil erosion, 
and reed vegetation during three consecutive years. This was done by transmitting regular 
waves over bank sections in a wave tank. These sections consisted of a lower slope (1.75m, 
1:2.45), a flat part (4 m) and an upper slope (1.5 m, 1:1), with and without reed growing on the 
flat part. The water level was fixed at 0.50 m above the flat part of each section. The bank 
profiles and wave transmission patterns were measured after exposure to waves with a height 
of 0.10 m (year 1) and 0.23 m (years 2 and 3). The reed vegetation appeared to influence the 
erosive impact of waves by both sediment reinforcement and wave attenuation. Both 0.10 m 
and 0.23 m waves affected the bank profiles, but a smaller amount of net erosion was 
measured in the reed planted sections (0.21 SD 0.06 m3 m-1) than in the unplanted sections 
(0.75 SD 0.01 m3 m-1). A pronounced effect of the vegetation on wave transmission was 
shown: the wave height reduction over the vegetated slopes relative to the unplanted ones was 
significantly > 1 in August of each year, when the aboveground parts of the vegetation were 
fully developed. The reed stands themselves were not damaged by neither the 0.10 m waves 
nor the 0.23 m ones.  
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For this study also knowledge is needed on the impact of waves higher than 0.23m, because it 
is quite possible that a reed vegetation can withstand higher waves. This was not studied by 
Coops et al. (1996). Also the influence of various slope profiles and water depths on the 
incoming wave height was not studied. 
 
 Water level  
The water level and the wind-induced set-up of the mean water level are two important factors 
for the wave height.  
Different types of water level management exist worldwide (Lenssen et al., 1997). At a natural 
water level the fluctuation is only dependent on natural causes like rainfall, vaporisation and 
the water flux (inflow – outflow of rivers). At a fixed water level no fluctuation is allowed, 
either within a year or over a number of years. In case of a regulated water level a fixed 
minimum and maximum level is set, between which the water level can fluctuate freely. In 
many lakes, like the Markermeer, nowadays an reversed water level is maintained (RIZA, 
1996). This means a high summer level for the water supply in agriculture, and a low winter 
level for the drainage of excess water. 
The second important factor for the wave height is the wind induced set-up of the mean water 
level, indicated as ‘surge’. The wind exerts a shear stress on the water; the surge is 
proportional to the square of the wind speed, and inversely proportional to the water depth 
(Bottema, 2007). As a result the surge will be almost twice as high for a wind speed of 25m.s-1 
(wind force 10) as for a wind speed of 18m.s-1 (wind force 8).  
At a higher water level and a higher surge, the influence of the bottom on the wave height is 
less; therefore the waves will be less extinguished. This allows higher waves to reach the reed 
vegetation. 
 
 Slope profile  
The slope profile influences the incoming wave height at the reed-water boundary. In case of a 
steep and short slope much less wave attenuation will occur than for a gentle and stretched 
slope; so for a steep slope the incoming wave height will be larger. Possible consequences are 
the breaking of the reed stems and the wash-out of the rhizome network by erosion. At a larger 
water depth and a steeper slope, a broader reed zone will be required for the wave attenuation 
because of the higher incoming wave energy. However, a steep slope is difficult to combine 
with a wide reed zone, see below. In addition, there is a larger risk of damage and erosion on 
the reed-water boundary because of the higher wave load. 
Another aspect is the relation between the slope profile and the width of the reed zone 
perpendicular to the coast. For a gentle slope a much larger surface vegetation is possible 
above the waterline, because for a given water level fluctuation and a given wave height a 
larger area will be flooded frequently than in case of a steep slope (Figure 3). For a gentle 
slope also below the water level a larger vegetation area will be possible because of the smaller 
water-depth gradient.  
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Figure 3: Relation between the slope profile and the width of the reed zone 
 
However, in literature little or nothing is known about the influence of the slope profile on the 
reed zone. Research is done on the depth at which reed still grows and extends, but the depth is 
not related to the slope profile. For example, in Lenssen et al. (1997) and RIZA (1996) it is 
advised to plant the reed vegetation on a shore zone between the average summer level and 50 
cm below this level. However, in this way the area with new plantings will be three times as 
large for a slope of 1:30 as for a slope of 1:10. It is also unclear to what extent the reed 
vegetation can spread vegetatively. Measurements done by Coops, Van den Brink & Van der 
Velde (1996) along the river New Merwede revealed that reed vegetation occurs on average 45 
± 20 cm below the mean water level, to a maximum of 70 cm water depth. However, no 
relation is made between the depth and the slope profile.  
The above shows the complex relation and interaction between the incoming wave height, 
water level and slope profile. To study this relation in a more detailed and quantitative way, 
comparative research to reference lakes with naturally occurring reed vegetation is necessary. 
Because the reed vegetation has been present along the reference lakes for a long time, it can 
be concluded that the reed vegetation on the investigated sites can tolerate the occurring wave 
heights, or may recover after having been exposed to this wave load. Therefore a comparative 
research is an effective way to gather useful data on the wave height in open water, the water 
level and the slope profile, both for daily conditions as well as extreme conditions. 
Subsequently, with these data the incoming wave height can be simulated using a 
hydrodynamic model. 
 
 
  
Normal water level  
Higher water level  
Gentle slope  
Steep slope 
Wide reed zone on gentle slope  
Narrow reed zone on steep slope  
Reed-water boundary  
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1.3 Research questions  
 
Knowledge on a resilient shore defence of the Dutch lakes is becoming increasingly relevant, 
particularly due to the expected increasing storm frequency. Against this background, a better 
understanding of the application possibilities of foreshores is necessary. This requires 
knowledge on the relation between the maximum allowable incoming wave climate at the 
reed-water boundary on the one hand, and the slope profile and water level on the other hand.  
Hence the following central research question has been defined: 
 
What is the maximum allowable incoming wave height when applying foreshores with reed 
vegetation as a resilient lake shore defence? 
 
This central question has been answered by using the following subquestions: 
- What is known about the reed vegetation, the water level, the wave height in open water 
and the slope profile in reference lakes with naturally occurring reed vegetation?  
- How can the relation be modelled between the parameters in the first subquestion and the 
incoming wave height at the reed-water boundary? 
- How can the model results be applied to new resilient foreshores with reed vegetation?  
 
The aim of this research is to develop additional expertise about the application possibilities of 
foreshores with reed vegetation, in the context of the Dutch flood control issues. With this 
knowledge the advantages of a foreshore with reed vegetation as a lake shore defence can be 
better underpinned, enabling a wider application of the concept of ‘building with nature’, both 
nationally and internationally. 
 
Some constraints have been observed. In this study only hydrodynamic processes have been 
included, with disregard to the morphological processes. So the erosion and the influence of 
the soil type (granular size) on the erosion have not been taken into account.  
In the second subquestion modelling is mentioned. Some restrictions have been considered, 
when using the model. This is detailed in section 2.2. 
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2. Methods 
 
In this chapter is described how the relation has been studied between the water level, the slope 
profile and the wave height, for the purpose of the application of foreshores with reed 
vegetation as a lake shore defence. The subquestions in sections 1.5 are used as a guide line; 
the key words are the three investigation steps in these subquestions: ‘data aquisition’, 
‘modelling’ and ‘analysis’.  
 
 
2.1 Data aquisition 
 
2.1.1 Selection reference lakes 
  
To study the relation between the parameters water level, slope profile and wave height, 
suitable reference lakes had to be chosen. A number of criteria has been formulated based on 
literature and in consultation with the experts of the section Water Quality and Ecology of 
Deltares. The first criterion is the presence of a reed zone along the shoreline. Further it is 
important to understand the various circumstances in which reed vegetation along lake shores 
can exist and develop. Therefore the lakes have been selected based on different geographical 
locations, in the Netherlands and Europe, and based on various surfaces and depths. To include 
the influence of the waves, a minimal fetch of 2 km is required. Finally, practical factors have 
been taken into account, like already conducted research at some lakes. The criteria are 
summarised in Table 1. 
 
Table 1: Criteria for reference lakes 
 
Parameter Criteria 
Geographical location  The Netherlands and Europe 
Area Various  
Depth Various 
Fetch  > 2 km  
Salinity Fresh water (< 0.05 %)  
Reed zone Significant part of shoreline 
Data  Available research 
 
The finally selected lakes that meet these criteria (Table 2) are: 
- IJsselmeer 
Coops & Daling (2014) have studied the reed zone along the Frisian shore of this lake. 
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- Zwartemeer 
The wave dynamics and the reed vegetation along the north-eastern part of the lake shore 
are being monitored since 2013 (Stolk et al., 2015). 
- Lake Peipsi 
Rijkswaterstaat conducted a comparative research between the IJselmeer and Lake Peipsi 
from 2003 to 2006, in collaboration with Russian and Estonian colleagues. In Lake Peipsi 
the natural conditions dominate, and it has many similarities with the lake complex 
Markermeer – IJselmeer. This makes Lake Peipsi an appropriate reference lake. 
- Lake Balaton 
Zlinszky (2013) examined in detail the development of the reed zone along this lake.  
 
 
2.1.2 Study area 
 
The characteristics of the reference lakes are given in Table 2.  
 
Table 2: Characteristics of the reference lakes (Source: Van Eerden et al., 2007; Zlinszky, 2013) 
 
Lake IJsselmeer Zwartemeer  Lake Peipsi Lake Balaton 
Location Netherlands Netherlands Estonia / Russia Hungary 
Area at mean water level (km
2
) 1139 18.1 3555 597 
Shoreline (km) 229.5 35.2 875 236  
Mean depth (m) 4.4 1 7.1 3.3  
Max. depth (m) 22.2 10.4 15.3 12.2 
Volume (km
3
) 5.1 0.03 25.07 1.9 
Water level Reversed Reversed Natural Regulated 
Main wind direction W/SW 
 
W/SW 
 
Western part: W/SW 
Eastern part: S 
NW 
 
Reed zone Frisian shore Very large part 
of shore 
Eastern / southern part 
of shore 
Northern / western 
part of shore 
Data availability Rijkswaterstaat / 
Deltares / Scirpus 
Ecologisch 
Adviesbureau 
Rijkswaterstaat/ 
Deltares / 
Grontmij 
Estonian University of 
Life Sciences 
Balaton 
Limnological 
Institute 
 
Additional information about the geography, the inflow and outflow, the shore characteristics 
and the reed vegetation are described below for each reference lake. 
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 IJsselmeer  
The IJsselmeer (Figure 4) is the largest fresh water body in the Netherlands. It originated in 
1932 when the barrier dam ‘Afsluitdijk’ (at the top in Figure 4) was completed, that closed the 
former Zuiderzee.  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: IJsselmeer (Source: Google Maps, 2015). The right figure is an enlargement of the red frame in the left figure. 
 
The saline and brackish water of the former Zuiderzee turned into fresh water because of 
rainfall, the inflowing water of the river IJssel, and the polder water discharge of many 
pumping stations, from which the largest are the stations in Lemmer, Stavoren, and the seven 
stations in Noordoostpolder and Flevoland. The water in the IJsselmeer is discharged via free 
discharge sluices, the Stevin sluices at Den Oever and the Lorentz sluices at Kornwerderzand. 
In order to meet the more stringent water safety standards, in 2015 the decision is made to 
install pumps in the sluice complex at Den Oever. The construction will be completed in 2021 
(Rijkswaterstaat, n.d.). 
Natural banks with a natural gradient only occur along the borderlakes, along the coast of the 
province of Friesland and some parts of the province of Noord-Holland. The remaining part of 
the shore consists of artificial dikes with steep slopes. After the construction of the Afsluitdijk 
and the subsequent desalination, reed vegetation started to grow on large parts of the former 
tidal flats, especially along the Frisian coast. However, due to the regulated reversed water 
level, the reed vegetation remained limited to a relatively narrow zone (Van Eerden et al., 
2007). 
 
 Zwartemeer  
The Zwartemeer is one of the lakes which were created after the reclamations in the IJsselmeer 
(Figure 5). It is situated south of Noordoostpolder, which was reclaimed in 1942. The 
Zwartemeer has an open connection to the IJsselmeer via the Ketelmeer.  
10 km 
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The Zwartemeer is a very shallow lake (average depth of 1m), and has a natural shore, 
although riprap is applied at some locations. Due to the shallow water and the gentle slope reed 
vegetation occurs along the entire shoreline. However, retreating reed shores have often been 
described (Van Eerden et al., 2007). The invariable level of wave-attack because of the 
regulated water level partly explains this phenomenon. 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Zwartemeer, indicated by an arrow (Source: Google Maps, 2015).  
The right figure is an enlargement of the red frame in the left figure. 
 
 Lake Peipsi  
Lake Peipsi is located on the border between Estonia and Russia, and is one of the largest lakes 
of Europe (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Lake Peipsi (Source: Google Maps, 2015). The right figure is an enlargement of the red frame in the left figure. 
 
5 km 
20 km 
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The lake consists of three limnologically different parts (Van Eerden et al., 2007). The 
northern part, Lake Peipsi s.s. (sensu stricto) is the largest and deepest one (2,611 km2, mean 
depth 8.3 m). The southernmost part is Lake Pihkva (708 km2, mean depth 3.8m). The strait 
between them is Lake Lämmijärv (236 km2; mean depth 2.5 m). Only Lake Peipsi s.s. has been 
studied as a reference lake in this research.  
Lake Peipsi is a freshwater lake, as many rivers and streams (about 240 in total) drain into the 
lake. The largest river is the Velikaya River in the south, followed by the Emajogi River in the 
west, and the River Zhelcha. Together these three rivers make up 80% of the total inflow. The 
outflowing Narva River in the north runs to the eastern part of the Baltic Sea. The depth and 
volume of the lake greatly depend on the overall natural water level fluctuation, because of 
precipitation. The fluctuation was 3.04 m over the last 80 years, with an average annual range 
of 1.15 m (Kangur et al., 2012). 
The shoreline is a natural one; there are no dikes or embankments along the shore. The land-
water interaction zone is quite broad due to the combination of large water level fluctuation 
and the natural gradient of the shore. Therefore, large areas surrounding the lake are partly 
inundated during the year, which is very favourable for the growth of wide reed banks along 
almost the entire lake. The reed vegetation along the shoreline has increased a lot since 1950 
(Van Eerden et al., 2007). This is related to the proceeding process of eutrophication in 
combination with the decrease in grazing pressure of cattle. The expansion of reeds follows the 
gradient in nutrient flow, starting in the south and proceeding towards the north. At present, 
only at the northernmost shores no reed vegetation occurs, which is also due to the sandy 
bottoms and exposure to the prevailing winds (Van Eerden et al., 2007). 
 
 Lake Balaton  
Lake Balaton is located in the Transdanubian region of Hungary and is the largest lake in 
Central Europe (Figure 7). The lake has an elongated shape in SW-NE direction, and is usually 
divided into four main basins: the Keszthely, Szigliget, Szemes and Siófok basin (from SW to 
NE).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Lake Balaton (Source: Google Maps, 2015).  
The right figure is an enlargement of the red frame in the left figure.  
10 km 
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Lake Balaton is a freshwater lake. The Zala River provides the largest inflow of water into the 
lake, and the canalised Sió is the only outflow. The Zala River enters the Keszthely basin from 
SW, supplying about half of the total inflow, most other rivers flow into the second basin 
(Szigliget), and the Sió canal drains the fourth basin Siófok to the Danube River. 
The shoreline is partly natural, and partly protected by a shore wall. Along the natural parts of 
the shoreline often reed vegetation occurs. The total area of the reed stands is approximately 16 
km2 (Tóth & Szabó, 2012). 73% (ca. 12 km2) is located on the northern shore, mainly in the 
sheltered bays; at the southern shore continuous reeds bank only occur at the westernmost part 
(Zlinszky, 2013).  
 
 
2.1.3 Parameters 
 
To be able to model the relation between the wave height, the water level and the slope profile, 
data have been collected on the necessary parameters of the reference lakes. This has been 
done by approach of experts and data management organizations, and by means of literature 
research. The requested data can be classified into four groups, see Table 3. The data are 
described in more detail below Table 3. 
 
Table 3: Parameters and required data 
 
Parameter Required data 
Reed vegetation  Geographical coordinates 
Width reed zone 
Maximum standing depth 
Water level Summer/winter/mean level 
Surge  
Wave climate Spectral significant wave height Hm0  
Spectral mean wave period Tm / Peak period Tp 
Slope profile Bathymetry 
 
 Reed vegetation 
For all reference lakes the following data have been collected on shore sites with reed 
vegetation: 
- the geographical coordinates; 
- the width of the reed zone perpendicular to the shoreline; 
- the maximum standing depth of the reed. 
 
The last two parameters have been used to determine the location of the reed vegetation on the 
slope profile, see below.  
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Coops & Daling (2014) studied the reed vegetation at 12 measurement sites along the Frisian 
coast of the IJsselmeer region in 2013-2014. This study has been used here to collect data on 
the reed vegetation of the IJsselmeer.  
As regards the width of the reed zone, Coops & Daling (2014) defined the zero point as the 
farthest point in the open water where reed stems were still observed. This outer zone is 
referred to as the ‘emersed zone’.  
As regards the maximum standing depth, Coops & Daling (2014) corrected this depth to a 
reference level, corresponding to the summer target level in the IJsselmeer, -20 cm NAP 
(Normal Amsterdam Water Level). Here not the summer target level, but the NAP-level has 
been used as the reference level. 
 
Stolk et al. (2015) studied the reed zone along the Zwartemeerdijk (2250m) at 44 sites in 2013 
and 2014, and also measured the wave height during this period. These measurements have 
been used here to get the data on the reed vegetation.  
The data of the year 2014 are used here. 
As regards the width of the reed zone, Stolk et al. (2015) did not include the emersed zone, in 
contrast to the measurements for the IJsselmeer of Coops & Daling (2014).  
As regards the maximum standing depth, Stolk et al. (2015) measured the instantaneous water 
depth; it is not corrected to a reference level. Stolk et al. (2015) stated that the weather was 
calm (wind force 1-2 Bft) during the measurements on 4 and 5 March. Therefore, it has been 
assumed here that there was no surge, and that the water level was equal to the winter level. 
 
Freiberg (2007) performed measurements on the reed vegetation for Lake Peipsi in 2001 
(northern shore) and 2002 (southern shore), at 34 sites along the Estonian part of the lake. 
These measurements have been used here to get the data about the reed vegetation.  
The geographical coordinates of the sites are unavailable, due to incorrect GPS settings during 
the measurements of Freiberg (2007). Therefore, a map has been used here, on which the sites 
are indicated, see Appendix C.3.  
Freiberg (2007) specified the instantaneous maximum standing depth, with no correction to a 
reference level. This poses no serious drawbacks, because in the years 2001 and 2002 no 
extremely high or low water levels occurred. Therefore it has been assumed here that the water 
level during the measurements was equal to the yearly average level.  
 
Zlinszky (2013) studied the development of the reed vegetation along Lake Balaton at 73 
measurement sites from 1951 to 2003. Here, the most recent data from 2003 have been used. 
Zlinszky (2013) corrected the maximum standing depth for the mean water level, 105.09m 
above the so-called Adriatic sea-level. 
 
 Water level  
For the IJsselmeer and the Zwartemeer data have been collected on the summer and winter 
water level, and the maximum surge during storms in the past. Bottema (2007) conducted an 
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extensive wind and wave measuring campaign for the IJsselmeer in the period 1997-2007. The 
aim of this campaign was to gather and analyse wind and wave measurements for a range of 
fetch, depth and (strong) wind conditions. The study of Bottema (2007) has been used here to 
get the data on the water level of the IJsselmeer and Zwartemeer.  
For the maximum surge in the IJsselmeer the data have been used from the MSW-network 
(Monitoring System Water), specifically from the measuring station at Kornwerderzand 
(KORN, with coordinates 151650, 564680) (Bottema, 2007). This station is the most 
representative for the 10 chosen sites along the Frisian coast. The estimation of the surge in the 
Zwartemeer is based on data of the storm on March 31, 2015 from the station Kadoelen 
(Waterbase, n.d.). This station is located close to the area, where currently the reed is being 
monitored. 
For Lake Peipsi data on the average water level have been collected from Palmik et al. (2013) 
and Kangur et al. (2012). For the surge the data from Jaani (2001) have been used. 
For Lake Balaton the data for the average water level have been collected from Zlinszky 
(2013), and for the surge from KvVM (n.d.). 
 
 Wave climate 
For all reference lakes data have been collected on: 
- the spectral significant wave height Hm0 for different wind speeds; 
- the spectral mean wave period Tm for different Hm0, or the peak period Tp, which is the wave 
period with the highest energy level in the wave spectrum.  
For the IJsselmeer, the data have been used from Bottema (2007) and specifically the data of 
the measuring station FL9, see Figure 8 (coordinates 161775, 535920); this is the only 
measuring station in deep water near the Frisian coast (for the calculation of the incoming Hm0 
the wave data for open water are needed). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Measuring stations IJsselmeer (Source: Bottema, 2007) 
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For the Zwartemeer the measurements of Stolk et al. (2015) for the period October 2013 – 
April 2014 have been used, and specifically of a sensor, that is positioned freely in open water, 
25 m outside the monitored reed zone. 
For Lake Peipsi the data have been collected from Jaani (2001). There are few instrumental 
data available for the measuring of the wave climatology in Lake Peipsi, so the values for the 
wave height in Jaani (2001) have been based mostly on computations. The occurring wave 
periods in Lake Peipsi were not given by Jaani (2001), and other sources are not available. 
Therefore the values of the IJsselmeer have been used here. This estimation is plausible 
because the IJsselmeer is very similar to Lake Peipsi, see section 2.1.1. The wave periods have 
been calculated by means of interpolation and extrapolation for the corresponding wave 
heights. 
For Lake Balaton the study of Muszkalay (1973) has been used. A more recent study is not 
available, and researchers on Lake Balaton regularly use this dataset up to the present day.  
 
 Slope profile 
To obtain the data of the slope profiles, bathymetric maps have been used. For the IJselmeer 
and the Zwartemeer a digital bathymetric map has been used from Wiersma & Verheij (2012); 
with this map the shore profile data for all sites have been generated in tabular form with the 
GIS programme ArcGis.  
For Lake Balaton the same has been done, using the digital bathymetric map from Zlinszky et 
al. (2008), see also Zlinszky & Molnár (2009).  
For Lake Peipsi a digital bathymetric map was not available; instead the so-called ‘Map 
application for Estonian land and sea areas’ has been used, which is available on the website of 
the Estonian Maritime Administration (Republic of Estonia Maritime Administration, n.d.). On 
this map the depth of the Estonian part of the lake is given. For all sites of Lake Peipsi tables 
with the data of the shore profile have been made manually. 
 
The maximum standing depth and the width of the reed zone have been used to determine the 
location of the reed vegetation on the slope profiles. On the slope profiles the distance to the 
coast has been determined, which corresponds to the maximum standing depth. From this 
point, the edge of the reed vegetation on the landside has been calculated.  
 
Some remarks must be made. For site 1 of the IJsselmeer the slope profile proved to be too 
high for the location where according to Google Earth the reed vegetation occurs. This is 
probably due to a disruption of the depth measurements for the bathymetric map because of the 
vegetation. Therefore, the slope profile has been manually adjusted to the correct depth.  
At site 2 of the IJsselmeer some underlying data of the slope profile lacked; this makes that 
ArcGIS automatically interpolates the missing data. Holding the maximum standing depth 
resulted in an unrealistic reed location; therefore, the reed location has been determined on the 
basis of Google Earth, and then the interpolation has been adjusted manually.  
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An inaccuracy of the depth (10 to 20 cm) in the bathymetric map occurred for the other sites of 
the IJsselmeer. The holding of the maximum standing depth gave an unrealistic location of the 
reed vegetation (too far from the shore), due to the very small profile gradient. Therefore the 
likely location of the reed vegetation has been held. 
 
Also for the three other lakes often a different reed location was found with the bathymetric 
data, compared to Google Earth and other maps. Nevertheless the maximum standing depth 
has been held here, because this did not result in unrealistic reed locations. In this way the 
incoming wave height could be simulated as accurately as possible, because it is dependent on 
the maximum standing depth. 
By holding the maximum standing depth it could occur that, according to the data, the reed 
zone should end before the shoreline, while, according to Google Earth and other maps, the 
reed zone stretches to the shoreline. In that case the reed zone has been continued to the 
shoreline. 
 
 
2.2 Modelling  
 
The collected data have been entered into a numerical wave model. By using the model, the 
relationship between the slope profile, wave dynamics and water level could be studied. For 
this research the model XBeach has been chosen. This is a process-based numerical 2DH 
(horizontal)-model that is used for the calculation of the littoral hydrodynamic and 
morphodynamic reactions during storm periods; the model can calculate the wave propagation, 
flow, sediment transport and coastal erosion. For more information about the model reference 
is made to Roelvink et al. (2009) and the XBeach-website (XBeach, n.d.). 
XBeach is basically designed for marine systems. However, the application of the model for 
lakes is not a problem here, because with the model only hydrodynamic calculations have been 
done; these calculations for lakes are no different than for marine systems. This would have 
been different if morphology was also included in the modelling. 
 
In the model, a wide range of parameters can be tested. This allows the varying of the water 
level, wave conditions and slope profile. Recently a vegetation module has been built, which 
allows the effects of the reed vegetation on the wave dynamics to be included.  
 
Above-mentioned characteristics make XBeach the most appropriate model for this study; 
moreover the model is already used for the project Natural Flood Defence Houtribdijk.  
Although XBeach can be used in 2D mode, in this study only the 1D mode has been used. This 
means that no variation of the parameters has been assumed in the alongshore direction, but 
only in the cross-shore direction. Also only hydrodynamic processes (water level and wave 
height) have been considered, with disregard to the morphological processes. 
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2.2.1  Model set-up 
  
XBeach has been configured using a collection of files that hold information on the 
bathymetry, boundary conditions (water level and wave height) and model settings. To set up 
the model, the programme Matlab has been used. With a Matlab script the creation of various 
types of files can be programmed. In this way the use of Matlab simplifies the setup, because 
the above-mentioned files do not need to be created manually.  
In the script several variable and constant settings have been configured, see Table 4. The 
constant settings are the same for all sites and all four reference lakes. The last three settings in 
table 4 are necessary in order to optimize the bottom profile and the grid size. An offshore 
water depth (zmin) has been determined, as well as the slope to extend the original slope profile 
to this zmin. Finally, a minimum grid size dx min at the height of the water line has been 
determined; in this way for the shallow part of the shore (for this research the most important 
part) a fine grid is created in the model, while the grid becomes coarser in the deeper (less 
important) part.  
 
Table 4: Model settings 
 
Model settings 
Variable settings Significant wave height Hm0 
Peak period Tp 
Water level zs0 
Slope profile 
Location of the vegetation  
Offshore water depth zmin 
Constant settings Number of vertical vegetation segments  
Vegetation height 
Stem width 
Number of stems per m
2
 
Drag coefficient 
Duration of each simulation tstop 
Slope to zmin  
 
After running the Matlab script, a model run directory with the XBeach executable has been 
created. Running this XBeach executable gives the model results, consisting of a global spatial 
output and a time-averaged spatial output.  
The global spatial output describes the instantaneous state of variables across the entire model 
domain for a constant time interval at various points in time.  
 
 
  
 
 
 
28 
 
The following global spatial output has been computed:  
- Hrms (root-mean-square wave height, this is converted to Hm0; Hm0= Hrms×√2) 
- zb (bed level)  
- zs (water level) 
 
The time averaged spatial output describes the time-averaged state of the variables. In this 
study the following time-averaged spatial output has been computed: 
- Hrms (converted to Hm0) 
- zs (water level) 
 
To visualize the X-Beach results, Delft3D-Quickplot has been used. Figure 9 shows an 
example of the model output for the variables Hm0, zs (both time averaged) and zb.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Visualisation XBeach output for Hm0, Zs and Zb. The x coordinate increases in the direction of the shore,  
from -1600m (open water) to 0m (shore). The original slope profile continues to -4.3m; this profile is extended  
in the model with a slope 1:50 to zmin = -10m. 
 
2.2.2 Model application 
 
The model application is described in three steps. 
 
 Simulation of the incoming Hm0 at the reed-water boundary 
From the reference situations the Hm0 in open water at a certain wind direction and wind speed 
is known; with this, given the slope profile and given the water level, the incoming wave 
height at the reed-water boundary can be calculated and visualised. This is done for all 
measurement sites of the reference lakes, for both daily as extreme conditions. 
Hm0 
Zs 
Zb
  
 
 
 
29 
 
With the model cannot be determined to what extent the reed vegetation can tolerate the load 
from different wave heights. It is also not possible to calculate the maximal acceptable wave 
height for a specific site (with a given slope profile and water level), that the reed vegetation 
can still maintain. However, because the reed vegetation along these lakes exists for a long 
time, it can be concluded that the reed vegetation on the investigated sites can tolerate the 
occurring wave heights. The simulated incoming wave heights can therefore be used as a 
guideline for new foreshores. 
 
 Simulation of the influence of the surge on the incoming Hm0  
It is expected that in case of surge the waves are less attenuated by the bottom, and in this way 
higher waves can reach the shore. To study this, the first step has been redone, and next to Hm0 
also zs has been varied, from the year average water level (or the summer / winter level for the 
lakes with a reversed water level) to the maximum water level that has been measured during 
storms in the past. 
Step 1 and 2 are interesting for the construction of foreshores with reed vegetation, because in 
this way it is known what wave heights a reed vegetation can tolerate in various situations, 
with different slope profiles and water levels.  
 
 Simulation Case Houtribdijk 
For the purpose of the pilot at the Houtribdijk in this last step the incoming wave height at the 
reed-water boundary has been simulated for a wide range of slope gradients: 1:20, 1:30, 1:40 
and 1:80. The data of the IJsselmeer have been used for the wave height, the water level and 
the maximum standing depth, because data for the Markermeer are not available. The data of 
the IJsselmeer are the most appropriate, because the IJsselmeer and the Markermeer are two 
large lakes, adjacent to each other. Therefore the conditions for the two lakes are probably 
more or less the same.  
For the maximum standing depth the mean value of the IJsselmeer has been used. The location 
of the reed vegetation on the slope profile has been determined by using the maximum 
standing depth and the slope gradient, in the same way as for the reference lakes. This step is a 
backward reasoning, from the perspective to build a safe foreshore that is efficient in terms of 
both costs as materials. 
 
The modelling process is schematically shown in Figure 10. 
 
  
 
 
 
30 
 
         
 
 
2.3 Analysis 
 
After performing the modelling steps, the data and the model results have been analysed and 
discussed. Also the relation between the three studied parameters (wave height, water level and 
slope profile) has been tried to explain. This has been placed in the general context: the need 
for more sustainable and resilient solutions for flood defence, from the perspective of the 
concept Building with Nature. 
Finally the research question has been answered, and some recommendations have been given 
for further research. 
 
 
 
 
 
 
 
  
Figure 10: The modelling process 
Model application 
Influence of surge on incoming Hm0 
Simulation incoming Hm0 reed-water boundary 
Case Houtribdijk: incoming Hm0 for various slope gradients 
 
Model workflow 
Model settings  
Global spatial output: Hrms, zb, zs 
Model run directory with XBeach executable 
Time averaged spatial output Hrms, zs 
Grid Boundary conditions Bathymetry Vegetation 
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3 Results 
 
In this chapter the results of the data collection and the modelling are dealt with. In section 3.1 
the reed vegetation, water level and slope profile have been described for all reference lakes. In 
section 3.2 the model setup in Matlab has been described, as well as the modelling in XBeach 
of the incoming wave height at the reed-water boundary of all investigated sites, for both daily 
and extreme conditions. Finally for the project at the Houtribdijk in section 3.3 the incoming 
wave height at the reed-water boundary has been simulated for four slope gradients. 
 
 
3.1 Parameters 
 
3.1.1 Reed vegetation 
 
 IJsselmeer 
10 out of the 12 sites have been selected; the sites are shown in red in Figure 11.  
 
 
 
Two sites have not been included; a minimal wave height is assumed here because of the 
sheltered location. The remaining 10 sites are located along the entire Frisian IJsselmeer shore, 
Figure 11: Sites IJsselmeer (Source: Google Earth, 2013) 
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from Kornwerderzand at the Afsluitdijk to Lemmer, north of Noordoostpolder. The geographic 
coordinates are given in Appendix A.1. 
 
- Width of the reed zone 
The width of the reed zone of the 10 sites is given in Appendix A.1. The maximum width is 
34.6 m, the minimum width is 3.3 m, and the average width is 25.5 m. 
 
- Maximum standing depth of the reed zone 
The results for the maximum standing depth are given in Appendix A.1. The largest maximum 
depth is 0.83 m; the lowest maximum depth is 0.43 m, and on average the maximum standing 
depth is 0.60 m. 
 
 Zwartemeer 
From the 44 sites (the red line in Figure 12) the 18 south-western sites are inappropriate for use 
in this research, because at these sites only land reed is present, and no water reed. The two 
most easterly sites are also inappropriate; a minimal wave height is assumed here because of 
the sheltered location. For the simulations of the wave height it is unnecessary to include all 
remaining 26 (closely spaced) sites; therefore, 8 sites at regular intervals have been selected. 
The geographic coordinates of the 8 sites are given in Appendix B.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Width of the reed zone 
For the 8 sites the width of the reed zone in the year 2014 is given in Appendix B.1. The 
maximum width is 26.5 m, the minimum width 8 m, and the average width 15 m.  
Figure 12: Sites Zwartemeer (Source: Google Earth, 2013) 
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- Maximum standing depth of the reed zone 
The maximum standing depth for the 8 sites is given in Appendix B.1. The largest maximum 
depth is 0.60 m, the lowest maximum depth is 0.15 m, and the average maximum standing 
depth is 0.31 m. 
 
 Lake Peipsi 
Not all sites of Freiberg (2007) have been used here. A minimal influence of the waves is 
assumed for the most southerly sites 1 to 19, because the fetch is very small in that part of the 
lake (Lake Lämmijärv). Furthermore no data is available for site 22. The remaining 14 sites 
along the shore of Lake Peipsi s.s. are shown in red in Figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Width of the reed zone 
For the 14 selected sites the width of the reed zone is given in Appendix C.1. The maximum 
width is 237 m, the minimum width 25 m, and the average width 104 m. 
 
- Maximum standing depth of the reed zone 
For 3 out of the 14 selected sites no data has been given by Freiberg (2007); the maximum 
standing depth for the remaining 11 sites is given in Appendix C.1. The largest maximum 
depth is 0.6 m, the lowest maximum depth is 0 m, and the average maximum standing depth is 
0.4 m. 
Figure 13: Sites Lake Peipsi (Source: Google Earth, 2013) 
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 Lake Balaton 
Because of the large number of sites studied by Zlinszky (2013) a selection of 25 sites has been 
made (Figure 14). This selection is based on a balanced spread along the shore, variation in the 
width of the reed zone, and variation in type of location: along an elongated shore, or rather in 
an inlet or at a corner. The geographic coordinates of the sites are given in Appendix D.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Width of the reed zone 
For the 25 sites the width of the reed zone in the year 2003 is given in Appendix D.1. The 
maximum width is 633 m, the minimum width 48 m and the average width 186 m. 
 
- Maximum standing depth of the reed zone 
The maximum standing depth for the years 2000-2003 is given in Appendix D.1. The largest 
maximum depth is 2.25 m, the lowest maximum depth is 0.33 m, and the average maximum 
standing depth is 1.11 m. 
 
 
3.1.2 Water level  
 
 IJsselmeer  
The water level of the IJsselmeer is kept as close as possible to a target level, which is -0.20 m 
NAP from mid-April to end-September, and -0.40 m NAP for the remaining months. 
The surge plays a significant role in the hydraulic loading of the shore of the IJsselmeer. The 
maximum surge is 0.52 m ± 0.06 m, for a wind speed of 17-19 m/s and a wind direction of ≈ 
190˚. This value for the surge has been averaged for 2 hours by Bottema (2007), to diminish 
the influence of resonant oscillations in the lake, and to make sure that the surge is in 
equilibrium with the wind.  
Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,
Aerogrid, IGN, IGP, swisstopo, and the GIS User Community; Esri, HERE, DeLorme, MapmyIndia, © OpenStreetMap
contributors, and the GIS user community
Figure 14: Sites Lake Balaton (Source: Zlinsky et al., 2008) 
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 Zwartemeer  
The Zwartemeer is in open connection with the IJsselmeer, so the same target levels apply:  
-0.20 m NAP from mid-April to end-September, and -0.40 m NAP for the remaining months. 
As for the estimation of surge, the maximum hourly average wind speed appeared to be 17-19 
m.s-1 on August 31, 2015 (KNMI, n.d., a). This is the same value as used for the IJsselmeer. 
The maximum instantaneous surge was 0.60 m NAP. For the period during which the surge 
was more than 0.40m (from 10.30h up to 22.00h), the average surge was 0.52 m (Water Base, 
n.d.); this is the same value as for the IJsselmeer. Therefore, the same maximum surge has 
been used here as for the IJsselmeer, 0.52 m ± 0.06 m. 
 
 Lake Peipsi  
The annual water regime of Lake Peipsi is almost entirely dependent on the weather 
conditions. The average water level is 30 m a.s.l. (above sea level). The fluctuations are large; 
the average annual range during the period 1890-2005 was 1.5 m, with an absolute range of 3 
m. The highest water level was measured on May 12, 1924, namely 31.76 m a.s.l.  
A short-term wind can already cause a considerable surge at Lake Peipsi. The largest surge at 
Lake Peipsi was measured during the August storm of 1967; the water level rose over 0.70 m 
that day. Because the above mentioned annual range of the water level is larger than this surge, 
31.76 m a.s.l. has been used here as the maximum surge.  
 
 Lake Balaton  
The zero point of the water gauge of Lake Balaton is set at 104.09 m above Adriatic Sea level 
(a.s.l.). The regulated water level is kept between 104.79 m a.s.l. and 105.19 m a.s.l., the 
average water level is 105.09 m a.s.l.  
No data is available on the surge, so instead the maximum water level of the last 10 years has 
been used. This proved to be in September 2014, when the water level rose to 105.44 m a.s.l. 
For lack of better data, this value has been used to replace the maximum surge.  
 
 
3.1.3 Wave climate 
 
 IJsselmeer 
The Hm0 measurements of FL9 are shown in Figure 15; Tm is shown in Figure 16. Both Hm0 
and Tm are given as a function of the wind direction, for different wind speeds. Here the data 
have been used for the wind direction of 225˚ (South-West) (Table 5), as at this wind direction 
the largest wave heights occur, due to the largest fetch. Moreover this SW-wind direction is 
prevalent in the Netherlands.  
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In the last column of Table 5 Tp has been calculated by multiplying Tm by 1.2.  
 
Table 5: Wave climate IJsselmeer (Source: Bottema, 2007) 
 
Wind speed (m/s) Hm0 (m) Tm (s) Tp (s) 
6 0.33 2.07 2.5 
9 0.58 2.50 3.0 
12 0.79 2.80 3.4 
15 1.06 3.20 3.8 
18 1.41 3.64 4.4 
21 1.57 3.90 4,7 
 
  
Figure 15: Hm0 at FL9 for various wind speeds, as a function of the wind direction (Source: Bottema, 2007) 
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Figure 16: Tm at FL9 for various wind speeds, as a function of the wind direction (Source: Bottema, 2007) 
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 Zwartemeer 
The results for the cumulative wave height are shown in Figure 17. Here the 10%, 5% and 1% 
occurring wave height have been used, see Table 6. The 10% occurring wave height is the 
wave height which is exceeded 10% of the time. The same reasoning applies to the 5% and 1% 
occurring wave height. Further a maximum wave height of 0.20 m has been determined from 
the measurements of 31 March, 2015. This is not the wave height in open water (not available), 
but the wave height at the reed-water boundary.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The probability density for the wave period is shown in Figure 18. Three wave periods have 
been selected, see table 6: the mode, 1.75 s (17% probability), and two larger wave periods, 
2.25 s (5% probability) and 3 s (1% probability).  
  
Figure 18: Probability density distribution of Tm (Source: Stolk et al., 2015) 
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Figure 17: Cumulative Hm0 (Source: Stolk et al., 2015) 
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Figure 19: The wave height as a function of the wind speed (Source: Muszkalay, 1973). The wave height (m) is plotted against 
the wind speed (m/s). The circles represent the averages of 100 waves; the crosses represent the maximum wave heights. 
 
Table 6: Wave climate Zwartemeer (Source: Stolk et al., 2015) 
 
 
 
 
 
 
 
 Lake Peipsi 
For this study only the wave heights have been used of Lake Peipsi s.s., because all measuring 
locations are along the shore of this part of the lake. In case of a wind speed of 3-5 m/s (wind 
force 3), the wave height in open water is 0.40-0.60 m. At a wind speed of 10 m/s (wind force 
5) the wave height may be 1.2-1.3 m, and at a wind speed of 20 m/s (wind force 9) the wave 
height may be as much as 2.3-2.4 m, see Table 7. 
The wave periods for the corresponding wave heights are given in Table 7. 
 
Table 7: Wave climate Lake Peipsi s.s. (Source: Jaani 2001) 
 
 
 
 
 
 
 Lake Balaton 
The wave height as a function of the wind speed is given in Figure 19.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hm0 (m) Tm (s) Tp (s) 
10%  0.09 17%  1.75 17% 2.1 
5%  0.12 5%  2.25 5% 2.7 
1%  0.17 1%  3 1% 3.6 
8Bft (31-03-2015) 0.20     
Wind speed (m/s) Hm0 (m) Tm (s) Tp (s) 
3-5 0.50 2.5  3 
10 1.25 3.5 4.2 
20 2.35 5.5 6.6 
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The wave height in open water (dot-dashed line) is measured on a platform halfway between 
the N and S shores.  
Figure 20 shows the frequency distribution of the wave heights measured at the platform Here 
the wave heights have been chosen for the wind speeds of 5, 10, 15 and 20 m/s, see Table 8. 
These wave heights occur with a frequency of 81%, 79%, 26% and 11% respectively. 
 
      
 
Figure 21 from Muszkalay (1973) has been used for data on the wave period. This figure 
shows the wave frequencies measured on the platform in the middle of the lake (dot-dashed 
line). With these wave frequencies the wave period in open-water has been calculated (Table 
8).  
 
Table 8: Wave climate Lake Balaton (Source: Muszkalay, 1973) 
 
Wind speed (m/s) Hm0 (m) Tm (s) Tp (s) 
5 0.2 2.3 2.5 
10 0.4 3 3.6 
15 0.6 3.4 4.1 
20 0.7 3.6 4.3 
Figure 20: Frequency distribution of the wave heights (Source: Muszkalay, 1973). This graph is generated from 
500 measurements; the frequency (vertical axis) is plotted against the wave height (cm, horizontal axis).  
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3.1.4 Slope profile 
 
The slope profiles of the measurement sites are generated in tabular form for all reference 
lakes. The tables consist of two columns: the first column shows the x values, that is the 
distance from the shore; hereby x is increasing towards the shore. In the second column the z-
values are given; z is the depth corresponding to x.  
 
 IJsselmeer 
The slope of sites 1, 2, 3, and 4 are characterized by vast outer dike areas and vast shallow 
foreshores. The outer dike areas and foreshores were originally tidal plates; the high parts of 
these plates are overgrown after the construction of the Afsluitdijk, the lower areas are 
permanently submerged. The slope profiles show the great height variation of the outer dike 
areas. Site 5 is characterized by a shallow foreshore of 0.5 to 1 m deep, which is directly 
adjacent to the embankment, in contrast to sites 1 to 4. The depth rate is very constant. Sites 6, 
7, 8, 9 and 10 are situated in that part of Gaasterland where the separation with the IJsselmeer 
Figure 21: Wave frequency as a function of the wind speed (Source: Muszkalay, 1973) The solid line and the solid circle points 
represent the wave frequency for the southern shore for N-NW winds; the dashed line and the crosses represent the wave 
frequency for the southern shore for all other wind directions. The dot-dashed line and the open circle points represent 
the wave frequencies measured on a platform halfway between the N and S shores. 
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is determined by the existence of cliffs. Between the cliffs and the shoreline a shallow 
foreshore exists, up to a half kilometer wide and about 1 m deep.  
 Zwartemeer 
The Zwartemeer is a very shallow lake with an average depth of 1 m. Therefore all 
measurement sites of the Zwartemeer are characterized by a gentle slope profile. The profiles 
of the eastern sites have a fairly constant depth of about 0.8 m; for the western sites the depth 
increases to about 1.80 m.  
 
 Lake Peipsi 
The coastal zone of Lake Peipsi s.s. is extremely shallow. For instance, near the mouth of the 
Emajögi River in the southern part, the 2-metre isobath extends about a kilometre towards the 
centre of the lake. At a distance of about 2 km from the shoreline, the water depth starts to 
increase rapidly practically everywhere, until reaching 6-8 m. The most pronounced changes 
occur at the northern shore, where underwater scarps occur.  
 
 Lake Balaton 
Lake Balaton is a shallow lake with an average depth of 3.5 m. The lake bottom is nearly 
completely flat on most of its area, and has a slight dip towards the south. The northern shore 
is relatively steep; the southern shore is flat, with a submerged sandbar of about 1 km width all 
along the shore, and with a steep wall between this sandbar and the deepest part of the lake, 
about 1 km from the southern shore. 
 
For all sites of the reference lakes the location of the reed zone is determined, using the 
maximum standing depth and the data of the slope profiles. The results are given in the 
Appendices A.1, B.1, C.1 and D.1. A summary overview of all parameters is given in Table 9.  
 
Table 9: Summary overview of the parameters 
 
 IJsselmeer Zwartemeer Lake Peipsi Lake Balaton 
Number of sites  10 8 14 25 
Width reed zone (m)  3.3 - 34.6 
Mean: 25.5 
8 - 26.5  
Mean: 15 
25 - 237 
Mean: 104 
48 - 633 
Mean: 184 
Max. standing depth (m) 0.23 - 0.63 
Mean: 0.40 
0.15 - 0.60 
Mean: 0.31 
0 - 0.6 
Mean: 0.4 
 0.33 – 2.25 
Mean: 1.11 
Water level (m) -0.40 / -0.20 NAP -0.40 / -0.20 NAP 30 ± 1.5 a.s.l. 70-1.10 a.s.l. 
Surge (m) 0.52  0.52 31.76 a.s.l. 1.35 a.s.l. 
Hm0 (m) 0.33-1.57 0.09-0.20 0.50-2.35 0.2-0.7 
Tm (s) 2.07-3.90 1.75-3 2.5 -5.5 2.3-3.6 
Tp (s) 2.5-4,7 2.1-3.6 3-6.6 2.5-4.3 
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3.2 Modelling 
 
3.2.1 Model settings 
 
For the model set-up a Matlab script has been made. For this script a number of settings has 
been configured. As already indicated in section 2.2.1, a distinction is made between the 
constant and variable settings. The constant settings are shown in Table 10. For the vegetation 
settings default values have been used. 
  
Table 10: Constant model settings 
 
 
 
 
 
 
 
 
 
 
 
The variable settings are listed in Table 11 for the respective reference lakes.  
 
Table 11: Variable model settings 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Constant model settings 
Number of vertical vegetation segments  
Vegetation height (m) 
Stem width (m) 
Number of stems per m2 
Drag coefficient 
Duration of each simulation tstop (s) 
Slope to zmin 
1 
1 
0.05 
100 
1 
3600 
1/50  
Lake Conditions vwind avg 
(m/s) 
Zs0 (m) Hm0 (m) Tp (s) 
IJsselmeer 
 
 
 
 
 
Daily summer  
Daily winter 
Extreme summer 
Extreme winter 
Extreme + surge summer 
Extreme + surge summer 
6  
9  
21  
21 
21 
21 
-0.20 
-0.40 
-0.20 
-0.40 
0.32  
0.12  
0.33 
0.58 
1.57 
1.57 
1.57 
1.57 
2.5 
3.0 
4.7 
4.7 
4.7 
4.7 
Zwartemeer 
 
Daily winter  
Daily summer 
10% Hm0  
10% Hm0 
-0.40 
-0.20 
0.09 
0.09 
2.1 
2.1 
Lake Peipsi 
 
Daily, mean water level 
Extreme, mean water level 
Extreme, max. water level 
3-5 
20 
20 
0 
0 
1.76 
0.50 
2.35 
2.35 
3 
6.6 
6.6 
Lake Balaton 
 
Daily, mean water level 
Extreme, mean water level 
Extreme, max. water level 
5 
20 
20 
105.09 
105.09 
105.44 
0.2 
0.7 
0.7 
2.5 
4.3 
4.3 
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The simulations have been performed for various daily and extreme conditions. In case of the 
IJsselmeer, for the daily summer conditions the wave height has been chosen that is associated 
with the average wind speed of 5-6m.s-1 in July. For the daily winter conditions, the wave 
height has been chosen that is associated with the average wind speed of 9m.s-1 in December 
(KNMI, n.d., b). 
The extreme conditions for the Zwartemeer have not been simulated, because the maximum 
wave height in open water is not known, but only the wave height at the reed-water boundary 
(see section 3.1.3). From these measurements, the incoming wave height in extreme conditions 
is already known (wind speed 17-19 m/s, surge 0.52 m).  
Each row in Table 11 shows a combination of parameters as it was entered into the model 
XBeach for all sites of the respective lakes. The data of the vegetation locations on the slope 
profiles are not given here, but can be found in Appendix A.1, B.1, C.1 and D.1. 
 
 
3.2.2 Model output reference lakes 
 
After running the Matlab script and the XBeach executable, Hrms, zb and zs0 have been 
simulated. After conversion of Hrms to Hm0, the incoming Hm0 at the reed-water boundary of all 
sites has been determined, see Appendix A.2, B.2, C.2 and D.2. The average value of the 
respective reference lakes is given in Table 12. 
 
Table 12: Incoming Hm0-meantime at the reed-water boundary for various conditions  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lake Conditions Incoming Hm0-meantime (m) 
IJsselmeer 
 
 
 
 
 
Daily summer  
Daily winter 
Extreme summer 
Extreme winter 
Extreme + surge summer 
Extreme + surge winter 
0,11 
0,07 
0,18 
0,12 
0,30 
0,37  
Zwartemeer 
 
Daily summer  
Daily winter 
0,06 
0,07 
Lake Peipsi 
 
Daily, mean water level 
Extreme, mean water level 
Extreme, max. water level 
0,22 
0,37 
1,3 
Lake Balaton 
 
Daily, mean water level 
Extreme, mean water level 
Extreme, max. water level 
0,16 
0,52 
0,59 
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The range of Hm0 - meantime for the sites in the respective lakes is plotted in Figures 22 to 25 for 
the various simulated daily and extreme conditions. The green points in these plots indicate the 
mean of the range.  
 
 
Figure 22: Range of incoming Hm0 - meantime at the IJsselmeer sites for the simulated conditions: daily summer, daily 
winter, extreme summer, extreme winter, extreme + surge summer, extreme + surge winter.  
The green points indicate the mean of the range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
0,05
0,1
0,15
0,2
0,25
Hm0 0.09, Tp 2.1, zs0 -0.20 Hm0 0.09, Tp 2.1, zs0 -0.40 Measurement, v wind 17m/s,
zs0 0,12
Figure 23: Range of incoming Hm0 - meantime at the Zwartemeer sites for the simulated conditions: daily summer and  
daily winter. Also the measurement of the extreme conditions on 31th March 2015 is shown.  
The green points indicate the mean of the range. 
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Figure 24: Range of incoming Hm0 - meantime at the sites of Lake Peipsi for the simulated conditions: daily, extreme, and 
extreme + maximum water level. The green points indicate the mean of the range. 
 
 
 
 
Figure 25: Range of incoming Hm0 - meantime at the sites of Lake Balaton for the simulated conditions: daily, extreme, 
and extreme + maximum water level. The green points indicate the mean of the range. 
 
For each lake the simulations of zs, zb and the time-averaged Hm0 - meantime are shown in Figures 
26 to 33 for two sites, with x starting at -500 m. One site was chosen on the northern shore, and 
one on the southern shore (for the Zwartemeer one eastern and one western site), because the 
slope profiles are different for these parts of the lake shores. All performed simulations are 
shown for the two chosen sites, except for the IJsselmeer, where two simulations are omitted: 
‘extreme winter’ and ‘extreme summer’, see Table 12.  
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Figure 26: Simulation IJsselmeer Site 3 for daily and extreme conditions, in summer and winter 
 
 
Figure 27: Simulation IJsselmeer Site 7 for daily and extreme conditions, in summer and winter 
Hm0 0.33, Tp 2.5, zs0 -0.20 
Hm0 0.58, Tp 3.0, zs0 -0.40 
Hm0 1.57, Tp 4.7, zs0 0.12 
Hm0 1.57, Tp 4.7, zs0 0.32 
Hm0 0.33, Tp 2.5, zs0 -0.20 
Hm0 0.58, Tp 3.0, zs0 -0.40 
Hm0 1.57, Tp 4.7, zs0 0.12 
Hm0 1.57, Tp 4.7, zs0 0.32 
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Figure 28: Simulation Zwartemeer Site 2 for daily summer and winter conditions 
  
 
 
Figure 29: Simulation Zwartemeer Site 8 for daily summer and winter conditions 
Hm0 0.09, Tp 2.1, zs0 -0.20 
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Figure 30: Simulation Lake Peipsi Site 4 for daily and extreme conditions 
 
 
Figure 31: Simulation Lake Peipsi Site 13 for daily and extreme conditions 
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Figure 32: Simulation Lake Balaton site 1 for daily and extreme conditions 
 
 
Figure 33: Simulation Lake Balaton Site 11 for daily and extreme conditions  
Hm0 0.2, Tp 2.5, zs0 105.09 
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3.2.3 Model output case Houtribdijk 
 
The results of the incoming Hm0 - meantime for the case of the Houtribdijk are shown in Table 13, 
for four different slope gradients: 1:20, 1:30, 1:40 and 1:80.  
  
Table 13: Model settings and Hm0 - meantime results case Houtribdijk 
 
The results are based on the wave heights for daily and extreme conditions in summer and 
winter, as they occur for the IJsselmeer, see Table 5. The maximum surge of 0.52 m is also 
taken from the IJsselmeer. The maximum depth of the reed zone is based on the average value 
for the IJsselmeer: -0.60 m NAP. Using the maximum standing depth and the slopes the 
locations of the reed vegetation are calculated in the same manner as for the reference lakes; 
the end of the reed zone at the landside is set at x = 0 m.  
 
In Figure 34 the incoming Hm0 – meantime is plotted for the various slopes, for both daily and 
extreme conditions. For each slope the simulations of Hm0 - meantime, zs and zb are shown in 
Figures 35 to 38, with x starting at -500 m.  
 
Slope Conditions Hm0 
(m) 
Tp (s) Zs0 (m) 
NAP 
Max. standing 
depth NAP (m)  
Location 
vegetation (m) 
Hm0 - meantime reed - 
water boundary (m) 
1/20 Daily winter 
Daily summer 
0.58 
0.33 
2.5 
2.07 
-0.40 
-0.20 
-0.60 
-0.60 
-12 - 0 
-12 - 0 
0.21 
0.24 
 Extreme + surge winter 
Extreme + surge summer 
1.57 
1.57 
4.7 
4.7 
0.12 
0.32 
-0.60 
-0.60 
-12 - 0 
-12 - 0 
0.64 
0.76 
1/30 Daily winter 
Daily summer 
Extreme + surge winter 
Extreme + surge summer 
0.58 
0.33 
1.57 
1.57 
2.5 
2.07 
4.7 
4.7 
-0.40 
-0.20 
0.12 
0.32 
-0.60 
-0.60 
-0.60 
-0.60 
-18 – 0 
-18 – 0 
-18 – 0 
-18 - 0 
0.16 
0.24 
0.59 
0.71 
1/40 Daily winter 
Daily summer 
0.58 
0.33 
2.5 
2.07 
-0.40 
-0.20 
-0.60 
-0.60 
-24 - 0 
-24 – 0 
0.16 
0.24 
 Extreme + surge winter 1.57 4.7 0.12 -0.60 -24 – 0 0.57 
 Extreme + surge summer 1.57 4.7 0.32 -0.60 -24 – 0 0.69 
1/80 Daily winter 
Daily summer 
0.58 
0.33 
2.5 
2.07 
-0.40 
-0.20 
-0.60 
-0.60 
-48 - 0 
-48 - 0 
0.14 
0.23 
 Extreme + surge winter 
Extreme + surge summer 
1.57 
1.57 
4.7 
4.7 
0.12 
0.32 
-0.60 
-0.60 
-48 – 0 
-48 - 0 
0.52 
0.64 
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Figure 34: Simulations for case Houtribdijk, for different slopes and different conditions: daily winter, 
daily summer, extreme + surge winter, extreme + water-setup summer. 
 
 
Figure 35: Simulation slope 1 to 20 for daily and extreme conditions, in summer and winter 
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Figure 36: Simulation slope 1 to 30 for daily and extreme conditions, in summer and winter 
 
 
Figure 37: Simulation slope 1 to 40 for daily and extreme conditions, in summer and winter 
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Figure 38: Simulation slope 1 to 80 for daily and extreme conditions, in summer and winter 
  
Hm0 0.33, Tp 2.5, zs0 -0.20 
Hm0 0.58, Tp 3.0, zs0 -0.40 
Hm0 1.57, Tp 4.7, zs0 0.12 
Hm0 1.57, Tp 4.7, zs0 0.32 
 
  
 
 
 
54 
 
  
  
 
 
 
55 
 
4 Discussion  
 
In this chapter first the reliability of the used model XBeach is considered. Next, the results of 
the incoming wave height at the reed-water boundary of the reference lakes are explained and 
discussed. Finally, for the case of the Houtribdijk the influence of the various simulated slopes 
on the incoming wave height is discussed. With the results of the reference lakes a maximum 
allowable incoming wave height can be derived; this maximum wave height is used to 
determine the most ideal slope for new foreshores. This is important in order to achieve a 
sustainable and resilient lake shore defence, as a good implementation of the concept Building 
with Nature.  
 
   
4.1 Model validity 
 
The model XBeach has been independently validated in more than 60 articles. This research is 
one of the first in which the recently build vegetation module has been used. Also XBeach with 
this vegetation module has been tested and validated; the model proves to reflect the reality, 
see Van Rooijen et al. (2015) and Van Rooijen et al. (in preparation). 
 
For our research it is possible to carry out an additional test of the reliability of the results, 
since literature is available of the onshore wave height at the shore of the Zwartemeer and 
Lake Balaton. In addition to the wave height in open water in the Zwartemeer, Stolk et al. 
(2015) have also given the wave height at the reed-water boundary. The 10% occurring wave 
height appears to be 0.06 – 0.07 m, measured in winter conditions. The same result has been 
simulated with XBeach.  
 
For Lake Balaton the wave height on the southern shore is given by Muszkalay (1973). Of 
course, this does not concern the exact incoming wave height at the reed-water boundary, but 
the data may be used to form an idea of the reliability of the model output. Figure 39 shows the 
onshore wave height (in meters) as a function of the mean wind speed (m/s). The onshore wave 
height is approximately 0.2 m for a wind speed of 5 m.s-1 (this is the same value as for the 
wave height in open water, see Figure 19). For the southern sites an incoming Hm0 = 0.17 m 
has been simulated in XBeach for this wind speed; the deviation is negligible. The onshore 
wave height is approximately 0.3 m for a wind speed of 20 m.s-1, according to Figure 39. The 
model simulations give an incoming Hm0 of 0.52 m (without surge) and 0.59 m (with surge). 
The simulated values are higher than the wave heights in Figure 39; however, this is plausible 
because the reed-water boundary is sometimes hundreds of meters away from the shore (at 
least 17 m, up to 648 m). 
 
From the above we can conclude that the simulation results are fairly reliable. 
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4.2 Simulation results  
 
Below the simulation results are described for daily and extreme conditions. As already 
mentioned in section 1.2, virtually no similar research is available on the damage caused by 
large wave heights during extreme events; the only known study is of Coops et al. (1996). 
Therefore, it is difficult to compare the results with previous research and to place them in a 
wider context. 
   
 
4.2.1 Daily conditions 
  
For the IJsselmeer no difference can be observed in the range of the incoming Hm0 for daily 
summer and winter conditions, although a larger Hm0 in open water has been chosen for the 
daily winter conditions. The average of the range is even slightly lower in winter conditions. 
Figure 39: Wave frequency as a function of the wind speed (Source: Muszkalay, 1973). Hn is the mean wave height of 100 
subsequent waves. Hm is the max. wave height from measurements of 2-15 minutes. Hmax is the maximum of longer term 
measurements, while the dashed line graph represents rare cases of very high waves. This graph represents only the dominant 
N and NW winds as the measurements were made on the S shore. 
 
  
 
 
 
57 
 
An explanation is the major impact of a difference of 0.20 m water level on the incoming Hm0, 
because of the very shallow foreshore. This makes that the lower winter level negates the 
effect of the larger Hm0 in open water. It should however be noted that the location of the reed 
vegetation is not based on the maximum standing depth (this would have resulted in unrealistic 
locations, very far from the shoreline), but that the likely geographic location has been held. 
This gives a difference of 10-20 cm water depth. Also, the waves have to travel a much larger 
distance over the shallow foreshores than if the maximum standing depth would have been 
held. This obviously results in a lower incoming wave height.  
 
Apart from the difference between summer and winter conditions, also the difference between 
the sites themselves should be noted. For site 1 and 2 of the IJsselmeer the incoming Hm0 is     
0 m; the cause is the extremely shallow and extended foreshore at site 1 and 2. At site 6 and 10 
the foreshore is much deeper before the reed-water boundary; at these sites the incoming Hm0 is 
obviously the largest: 0.24 m. This value approximately corresponds to the largest wave height 
(0.23 m) which was studied by Coops et al. (1996). For this wave height no damage was 
shown to occur to the reed vegetation. 
For the Zwartemeer the incoming Hm0 for daily conditions is very small and almost the same 
for all sites, 0.07 to 0.08 m. Only for site 1 for unclear reasons a different value of 0 m has 
been found, although the slope profile and the other parameters do not differ significantly. The 
incoming Hm0 is almost equal for winter and summer conditions, although no larger Hm0 in 
open water has been chosen for winter conditions, as it was done for the IJsselmeer. An 
explanation is that, contrary to the IJsselmeer, the water depth is relatively large compared to 
the very small wave height, see Appendix A.3 and B.3. This makes that a difference of 0.20 m 
water level has a negligible effect on the small wave height.  
For Lake Peipsi the incoming Hm0 for daily conditions is much larger than for the IJsselmeer, 
although a similar wave height in open water occurs. This again shows the clearly influence of 
the vast shallow foreshores and outer dike areas along the Frisian shore of the IJsselmeer. The 
average of the range is 0.22 m, and is very close to the investigated wave height by Coops et 
al. (1996). It is striking that the reed zone along Lake Peipsi since 1970 has constantly 
extended towards the northern coast, despite the relatively large wave height (Mäemets & 
Freiberg, 2004). This implies that the occurring wave height is no limiting factor for the reed 
growth.  
Obvious outliers are site 5 with a very small Hm0 = 0.03 m, and site 6 with a relatively high 
Hm0 = 0.41 m. The cause is a maximum standing depth of 0 m at site 5, while the maximum 
standing depth at site 6 is 0.6 m. However, at site 12 the maximum standing depth is also 0.6 
m, but the incoming Hm0 is much smaller: 0.30 m. This is caused by the gentler slope profile of 
site 12, causing a more rapid decrease of the wave height.  
For Lake Balaton the range for the daily conditions is negligible; the incoming Hm0 for all 25 
sites is virtually the same, with a maximum difference of 0.01 m. This is remarkable because 
of the large variation of the three parameters, of which the incoming Hm0 depends. The width 
of the reed zone ranges from 48 m to 633 m, the maximum standing depth ranges from 0.33 m 
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to 1.11 m, and the slope profiles of the southern sites are more gentle than of the slope profiles 
of the northern sites. It seems like the reed vegetation along the whole shore extends to the 
point where the daily Hm0 is 0.16 - 0.17 m, and that the reed vegetation cannot tolerate a higher 
daily wave loading. However, this is not correct, because the width of the reed appears to vary 
in time. This is related to the fluctuations in the water level (Zlinszky, 2013; Ostendorp, 1991). 
A clear explanation is not available.  
 
 
4.2.2 Extreme conditions  
 
For the IJsselmeer the range is larger for extreme conditions than for daily conditions, 
particularly if the influence of the surge is taken into account. As is the case for the daily 
conditions, the average of the range of all simulations is higher in summer than in winter. 
Relative to the daily conditions, this average increases by about a factor 3 for extreme 
conditions with surge. Also the same differences exist between the sites themselves. It is 
remarkable that the incoming Hm0 at sites 1 and 2 is still 0 m in most simulations. For site 1 
this is even the case for a Hm0 in open water of 1.57 m and a surge of 0.52 m relative to 
summer level.  
For Lake Peipsi the incoming Hm0 does not increase very much for the simulated extreme 
conditions without surge, compared to daily conditions. However, the incoming Hm0 increases 
to 1.3m when the (large) surge is included in the model. This again shows the influence of a 
shallow bottom and the reduction of this influence at a larger water depth.  
It should be noted that the simulations for Lake Peipsi are not based on the maximum surge, 
but on the highest recorded water level in 1924; this value was found to be higher than the 
maximum surge. The situation of an extreme condition, a high water level and also a surge has 
not been simulated. However, this situation will not often occur, because the maximum water 
level in 1924 was extremely high. Also the frequency of a storm of 9 Bft in the Lake Peipsi 
region is small (Jaani, 2001). 
For Lake Balaton the incoming Hm0 is relatively large; these values are reached without a large 
surge, like it is the case for Lake Peipsi. For extreme conditions without surge the wide range 
of the incoming Hm0 is remarkable, while the range in daily conditions is on the contrary very 
small. The wide range is caused by the different low values of site 3, 4 and 24; this is also 
reflected in the simulations for extreme conditions with surge, but to a lesser degree. The low 
incoming Hm0 of site 3, 4 and 24 is not due to the slope profile: site 4 has a very gentle profile, 
but site 3 has a less gentle profile, and site 24 has a relatively steep slope profile. The possible 
cause is the maximum standing depth: at particularly these three sites the maximum standing 
depth is less than at the other sites; this results in a smaller incoming Hm0. The smaller 
divergence of Hm0 for these sites in extreme conditions with surge is again due to the larger 
water depth. 
 
The simulations do not take into account the wind direction. For a particular wind direction, for 
some sites a much higher incoming Hm0 occurs than for other sites. In this study the incoming 
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Hm0 has been simulated for a situation in which the waves always approach the shore 
perpendicularly. In practice this is far from always the case, so the real incoming Hm0 may be 
much smaller than the simulated values. 
 
For all reference lakes the extreme conditions have been simulated for a wind speed of 20-21  
ms-1 (8 - 9 Bft). However, in the Netherlands storms of 10 Bft and sometimes 11 Bft regularly 
occur. It should also be noted that, according to the IPCC, the number of storm depressions 
over the mid-latitudes is expected to increase in the coming decades (KNMI, 2014). Seen from 
this perspective, the model results for extreme conditions are on the low side. However, for a 
wind speed higher than 8 to 9 Bft, no data of the wave height in open water are available; 
therefore the incoming Hm0 for these situations cannot be simulated. This should be taken into 
account when interpreting the model results.  
 
 
4.2.3 Case Houtribdijk 
 
The Hm0 for daily conditions appears to be very close to each other for all simulated slopes, 
especially for summer conditions; for the winter conditions only the Hm0 for the slope 1:20 is 
slightly higher. The difference between Hm0 for the slopes 1:30 and 1:40 was found to be 0 m. 
Only for extreme conditions Hm0 slightly diverges for the different slopes. Also for these 
conditions the values of the slopes 1:40 and 1:30 hardly differ; the difference in Hm0 for the 
slope 1:80 and 1:20 is 0.12 m for both summer and winter conditions. 
 
The incoming Hm0 for daily conditions does not differ significantly for the simulated slopes 
and the reference lakes (about 0.20m). To make a choice between the various slopes, we 
should therefore focus on the incoming Hm0 for extreme conditions. The incoming Hm0 for a 
slope of 1:20 is higher than the Hm0 found for the reference lakes (except the extreme 
conditions with surge for Lake Peipsi). This high incoming Hm0 is likely to damage the reed 
vegetation, and also to impair the foreshore itself. Since the simulated extreme conditions (and 
even more severe conditions) occur regularly in the Netherlands, this slope will not be a good 
choice for new foreshores. The slopes 1:30 and 1:40 both appear to have the same effect. 
Therefore the latter slope can be disregarded, because an unnecessarily gentle slope is 
economically unattractive due to the lager required amount of sand.  
For a slope 1:80 the incoming Hm0 for extreme conditions is approximately the same as the 
incoming Hm0 for extreme conditions at Lake Balaton. At Lake Balaton the reed vegetation can 
apparently withstand the occurring wave load; the construction of a foreshore with a slope of 
1:80 would therefore in principle be the choice, that of all simulated slopes is the most 
effective in terms of safety, allowable wave height and design costs. 
 
Some remarks must be added. The incoming Hm0 for Lake Balaton has been used; but this Hm0 
is relatively high compared to the simulated Hm0 for the IJsselmeer, Zwartemeer and Lake 
Peipsi (the latter without surge). However, the simulated incoming Hm0 concern maximum 
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values, because a perpendicular approach of the incoming waves has been assumed, see above. 
So the incoming Hm0 may be lower.  
The Netherlands has a maritime climate, unlike Hungary; therefore (severe) storms in the 
Netherlands are relatively common. Furthermore the incoming Hm0 has been simulated for a 
storm of 8-9 Bft, while in the Netherlands regularly storms of 10 or 11 Bft occur, see section 
4.2.2. This means that a slope of 1:80 is very minimal in terms of safety and allowable wave 
load; a more gentle slope of 1: 100 would be a better and more responsible choice. 
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5 Conclusion 
 
At the start of this study the following central question was drafted:  
‘What is the maximum allowable incoming wave height when applying foreshores with reed 
vegetation as a resilient lake shore defence?’  
 
It can be concluded that the maximum allowable incoming wave height will be approximately 
0.20 m for daily conditions and approximately 0.60 m for extreme conditions.  
These values are based on the results that have been found for the studied reference lakes. 
 
For the IJsselmeer the incoming wave height appears to be relatively small for daily 
conditions: 0.11 m in summer, and 0.07 m in winter. In extreme conditions (8-9 Bft) with 
surge (0.52 m), the wave height is limited to 0.37 m in summer and 0.30 m in winter. The very 
shallow foreshores and outer dike areas appear to attenuate the wave height significantly.  
For the Zwartemeer the wave height in open water is very small; there is hardly any 
attenuation by the bottom, because of the relatively high water depth compared to the very 
small wave height. The incoming wave height in extreme conditions (8-9 Bft) with surge (0.52 
m) is 0.20 m.  
For Lake Peipsi the incoming wave height in daily conditions is relatively large: 0.22 m. In 
extreme conditions (9 Bft) with surge (1.76 m) a very large incoming wave height of 1.3 m 
occurs. If the surge is not included in the modelling, the incoming wave height is much 
smaller, 0.37m. The large surge appears to reduce largely the attenuation effect of the bottom.  
For Lake Balaton the incoming wave height in daily conditions is 0.16 m; in extreme 
conditions with surge (0.35 m) the incoming wave height increases to 0.59 m. The last value is 
relatively large; for the other reference lakes such large values are only obtained with a larger 
surge.  
Because the reed zones along all reference lakes remain, and sometimes even extend for years, 
the reed vegetation can apparently tolerate the above-mentioned wave heights. So for new 
foreshores with reed vegetation these values have been used to derive the maximum allowable 
incoming wave height in daily and extreme conditions. Since the simulated wave height of 1.3 
m in extreme conditions for Lake Peipsi is very large, it is safer to use the lower value of 0.59 
m from Lake Balaton for extreme conditions.  
 
The simulations for new foreshores showed that these maximum allowable incoming wave 
heights are not exceeded, if a slope of 1:80 will be applied. However, this slope is still very 
minimal; the simulations are based on a wind force of 8-9 Bft, while more severe storms 
regularly occur in the Netherlands. According to the IPCC, the number of storm depressions in 
temperate latitudes will only increase in the future. Therefore, with regard to safety and the 
allowable wave load it would be better to keep a margin and to apply a slope of at least 1:100. 
For a better assessment however, it is necessary to examine further the incoming wave height 
for more severe storms of 10 and 11 Bft.  
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For a good validation it would be interesting to examine the results of this research into 
practice. This can be done by placing wave sensors at the reed-water boundary for a number of 
investigated sites. In this way the incoming wave height from different directions can be 
monitored during daily and possibly also extreme conditions, which allows a comparison to the 
model results. An additional advantage is that with these sensors it is possible to study the 
influence of the wave directions other than perpendicular to the shore. This is already done for 
the Zwartemeer, see Stolk et al. (2015). 
 
The state and development of a reed vegetation on foreshores also depend on factors other than 
the wave height. For example, the incoming wave height for the IJsselmeer sites is much lower 
than for Lake Balaton and Lake Peipsi. Nevertheless the reed zone of Lake Balaton is much 
wider than the reed zone of the IJsselmeer (average 186 m versus 25.5 m); the reed zone of 
Lake Peipsi has expanded towards the northern coast since 1970. Also the maximum standing 
depth of the reed is much larger for Lake Balaton than for the IJsselmeer (average 1.11 m 
(relative to 105.09 m a.s.l.) versus 0.60 m NAP). Factors of importance here are the water 
level, nutrient load and soil type (Zlinszky, 2013; Kangur et al, 2012; Coops, Boeters & Smit, 
1996). It is recommended to include these factors in the further research to the use of 
foreshores with reed vegetation as a resilient lake shore defence.  
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Appendix A.1  Data reed vegetation IJsselmeer 
A.2  Simulation results incoming Hm0 reed-water edge IJsselmeer 
Site Corresponding number in 
Coops & Daling (2014) 
Start x-y coordinates End x-y coordinates Max. standing 
depth (m ) (NAP) 
Width reed zone 
(m) 
Location reed zone on 
slope profile (m) 
1 YS01 53°4.929240' 5°21.559860' 53°5.020200' 5°21.720000' -0.83 18.1 ˗174_˗155.9 
2 YS02 53°1.919160' 5°24.146880' 53°2.009100' 5°24.128340' ˗0.48 7.0 ˗400_˗393 
3 YS03 53°1.063020' 5°24.479280' 53°1.218780' 5°24.480420' -0.53 12.0 ˗98_˗86 
4 YS04 52°58.302600' 5°24.569820' 52°58.255200' 5°24.603660' ˗0.68 3.7 ˗194_˗190.3 
5 YS05 52°54.848880' 5°24.479580' 52°54.932160' 5°24.448140' ˗0.68 11.5 ˗240_˗229.5 
6 YS06 52°50.979900' 5°26.016840' 52°50.993820' 5°25.845360' ˗0.67 10.5 ˗290_˗279.5 
7 YS07 52°51.049200' 5°28.688400' 52°51.071640' 5°28.514520' ˗0.47 34.6 ˗135_˗65.4 
8 YS08 52°51.274380' 5°27.230460' 52°51.243480' 5°27.380160' ˗0.47 33.3 ˗375_˗341.7 
9 YS11 52°51.616080' 5°38.688180' 52°51.613800' 5°38.692260' ˗0.60 13.2 ˗85_˗71.8 
10 YS12 52°51.444720' 5°38.987880' 52°51.483420' 5°38.962980' ˗0.67 3.3 ˗145_˗141.7 
Site Hm0 0.33, Tp 2.5, zs0 -0.20 Hm0 0.58, Tp 3.0, zs0 -0.40 Hm0 1.57, Tp 4.7, zs0 0.12 Hm0 1.57, Tp 4.7, zs0 -0.20 Hm0 1.57, Tp 4.7, zs0 0.32 Hm0 1.57, Tp 4.7, zs0 -0.40 
1 0,00 0,00 0,00 0,00 0,07 0,00 
2 0,00 0,00 0,24 0,01 0,31 0,00 
3 0,10 0,04 0,27 0,16 0,33 0,07 
4 0,14 0,08 0,35 0,23 0,44 0,14 
5 0,14 0,10 0,35 0,23 0,44 0,16 
6 0,24 0,24 0,49 0,40 0,59 0,33 
7 0,14 0,10 0,33 0,21 0,40 0,14 
8 0,00 0,00 0,20 0,06 0,27 0,00 
9 0,10 0,00 0,33 0,18 0,40 0,07 
10 0,23 0,18 0,44 0,33 0,49 0,25 
  
 
 
 
 
 
 
Appendix B.1  Data reed vegetation Zwartemeer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B.2  Simulation results incoming Hm0 (m) reed-water edge Zwartemeer 
 
 
 
 
  
Site Corresponding 
number in Stolk et al. 
(2015) 
Start x-y coordinates 
  
End x-y coordinates Max. standing depth 
(m ) (NAP) 
Width reed 
zone (m) 
Location reed zone 
on slope profile (m) 
1 4 52 39.328 5 59.021 52 39.331  5 59.010 ˗0.65 11.3 ˗8.9_0 
2 7 52 39.260  5 58.947 52 39.262 5 58.942 ˗0.60 8 ˗23_˗15 
3 10 52 39.190  5 58.879 52 39.195  5 58.870 ˗0.70 16.5 ˗24.3_˗7.8 
4 13 52 39.120  5 58.816 52 39.126  5 58.801 ˗0.70 26.5 ˗37.5_˗11 
5 16 52 39.053  5 58.737 52 39.057  5 58.729 ˗0.80 23 ˗30.1_˗7.1 
6 19 52 38.985  5 58.665 52 38.988  5 58.657 ˗0.70 15 ˗5.8_9.2 
7 22 52 38.921  5 58.583 52 38.923  5 58.580 ˗0.55 5.5 ˗15.3_˗9.8 
8 26 52 38.824  5 58.488 52 38.830  5 58.475 ˗1.0 15 ˗9_6 
Site Hm0 0.09, Tp 2.1, zs0 -0.20 Hm0 0.09, Tp 2.1, zs0 -0.40 
1 0,00 0,00 
2 0,07 0,08 
3 0,07 0,08 
4 0,07 0,08 
5 0,07 0,07 
6 0,07 0,07 
7 0,07 0,08 
8 0,07 0,07 
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Appendix C.1  Data reed vegetation Lake Peipsi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C.2  Simulation results incoming Hm0 (m) reed-water edge Lake Peipsi 
 
 
Site Corresponding number 
in Freiberg (2007) 
Max. standing depth 
(m ) (30m a.s.l.) 
Width reed 
zone (m) 
Location reed zone 
on slope profile (m) 
1 34 n.a. 70 ˗70_0 
2 33 n.a. 100 ˗100_0 
3 32 0,2 142 ˗43_99 
4 31 0,4 108 ˗85_23 
5 30 0 42 0_42 
6 29 0,6 215 ˗195_20 
7 28 0,5 25 ˗104_0 
8 27 0,3 30 ˗15_15 
9 26 0,5 40 ˗90_0 
10 25 0,5 142 ˗130_12 
11 24 0.5  150 ˗180_0 
12 23 0,6 237 ˗515_0 
13 21 0,3 55 ˗94_0 
14 20 n.a. 93 ˗93_0 
Site Hm0 0.50, Tp 3, zs0 0 Hm0 2.35, Tp 6.6, zs0 0 Hm0 2.35, Tp 6.6, zs0 1.76 
1 0,10 0,21 1,10 
2 0,18 0,31 1,26 
3 0,13 0,25 1,19 
4 0,24 0,38 1,30 
5 0,03 0,16 1,07 
6 0,41 0,68 1,56 
7 0,30 0,44 1,40 
8 0,23 0,40 1,44 
9 0,30 0,45 1,41 
10 0,28 0,42 1,34 
11 0,28 0,42 1,33 
12 0,30 0,44 1,30 
13 0,17 0,31 1,26 
14 0,17 0,31 1,24 
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C.3  Measurement sites Lake Peipsi (Freiberg, 2007) 
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Appendix D.1  Data reed vegetation Lake Balaton 
 
  
Site  Corresponding 
number in 
Zlinszky (2013) 
Centroid x y coordinates 
(in Hungarian EOV) 
Max. standing 
depth (m ) 
(105.09m a.s.l.) 
Width reed 
zone (m) 
Location reed zone 
on slope profile (m) 
1 2 524290,6006 152572,6011 0,68 124,1 ˗158_˗33.9 
2 5 520020 153553,7193 1,488 221,3 ˗327_˗106 
3 7 516805,3163 153632,741 0,438 185,5 ˗140_˗45.5 
4 11 513324,9039 152931,9447 0,448 571,1 ˗648_˗77 
5 14 512311,6949 156705,9954 0,57 94,7 ˗85_9.7 
6 16 515347,8758 158966,6546 0,91 54,6 ˗17_37.6 
7 18 520068,5723 157244,968 1,26 131,9 ˗445_313 
8 20 522022,0681 n.a. 1,23 99,9 ˗88_11.85 
9 23 524515,5 162522,4845 1,26 204,1 ˗231_0 
10 28 527743,1006 161321,7951 2,25 152,7 ˗225_˗72 
11 30 529368,7091 161869,7796 1,46 139,3 ˗85_54 
12 34 533496,086 163316,2046 1,01 243,0 ˗235_8 
13 37 538137,2379 165228,9325 0,73 206,0 ˗169_37 
14 39 543784,1095 167664,308 1,13 61,2 ˗55_6 
15 41 548998,038 171197,9578 2,08 143,1 ˗115_28 
16 45 555190 173335,3716 2,01 245,5 ˗162_83 
17 49 557640,9351 175747,0577 0,59 632,9 ˗621_12 
18 52 560087,08 173019,1341 0,93 48,4 ˗54_0 
19 54 562210,0852 172699,0396 1,47 101,2 ˗78_23 
20 56 559845,7924 177540,613 1,79 118,8 ˗124_0 
21 60 566048,884 182051,9138 0,65 265,5 ˗263_2 
22 65 570322,1475 184538,4828 1,36 138,5 ˗133_5 
23 69 n.a. 189962,6747 0,95 213,7 ˗218_0 
24 70 573787,5614 190786,3982 0,33 59,8 ˗48_10 
25 73 576522,2527 188644,1228 0,86 143,1 ˗97_46 
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D.2 Simulation results incoming Hm0 (m) reed-water edge Lake Balaton  
 
  
Site Hm0 0.2, Tp 2.5, zs0 105.09 Hm0 0.7, Tp 4.3, zs0 105.09 Hm0 0.7, Tp 4.3, zs0 105.44 
1 0,17 0,44 0,58 
2 0,17 0,64 0,64 
3 0,17 0,27 0,45 
4 0,17 0,24 0,42 
5 0,17 0,38 0,54 
6 0,16 0,45 0,57 
7 0,17 0,61 0,65 
8 0,17 0,62 0,65 
9 0,16 0,62 0,64 
10 0,17 0,62 0,62 
11 0,16 0,57 0,61 
12 0,17 0,54 0,64 
13 0,17 0,44 0,58 
14 0,16 0,62 0,65 
15 0,17 0,61 0,61 
16 0,16 0,64 0,61 
17 0,17 0,35 0,52 
18 0,16 0,61 0,65 
19 0,16 0,64 0,64 
20 0,16 0,64 0,62 
21 0,17 0,42 0,57 
22 0,16 0,64 0,65 
23 0,17 0,59 0,64 
24 0,17 0,27 0,47 
25 0,16 0,51 0,62 
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